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Abstract
Results from mathematical models and computer simulations of fracture in 
polycrystalline steels are presented for a range of temperatures. The proportions of 
intergranular and intragranular failure predicted are compared with experimental results 
for brittle fracture, ductile fracture and in the transition region.
Interactive software to create two-dimensional polycrystalline models, which allow a 
range of physical to be varied independently, is described. The results include those for 
model materials chosen to match steels used by the power generation industry. The 
models simulate segregation and cavitation effects in steel and fracture of weldments and 
their associated heat-affected zones.
Background
Over recent years, new materials have been developed to support advances in technology 
required for space exploration, mass communications and faster computers. However 
many industrial processes and systems underpinning our daily lives depend on traditional 
materials such as iron, steel and copper which have served man for centuries. The 
explosion of ideas during the Industrial Revolution has given us a range of inventions 
using iron and steel that, refined and developed, still serve us today. Steel is used to build 
bridges and office blocks; to fabricate boilers and pipework, trains and ships. 
Manufacturing tools and saucepans all depend on steel.
One of the major challenges for a technological society is to determine at what point 
plant and equipment have reached an agreed safety limit and need to be replaced. Too 
early an intervention can result in unnecessarily high costs to the parent organisation or 
national economy; too late will certainly result in loss of production and may also cost 
lives and devastate communities. Industries have continuous testing programmes to 
assess the safety of their operating plant and to validate or amend the plant’s life 
expectancy. Part of such safety programmes involves measuring the mechanical 
properties of material obtained either from the plant itself or from appropriate test pieces 
subjected to the same regimes as the plant.
For example, the fracture toughness of the specimens is measured and the fracture 
surfaces studied. Although the plant may be operating at high temperatures, useful 
information can be obtained by fracturing the specimens at low temperatures too. In this 
way, both ductile and brittle failure can be investigated. Over a period of time, a picture 
of any changes occurring in the material can be built up as a foundation for safety 
assessments of the system.
The papers presented here are the result of several years investigation into the fracture of 
ferritic steels widely used in industrial plant. The main impetus has been to support those 
charged with the responsibility for ensuring the safety and assessing the remaining life 
expectancy of nuclear powered electricity generators and, in particular, of the Magnox 
power stations operated by BNFL Magnox Generation, formerly Nuclear Electric. 
However, many of the issues addressed are relevant to other manufacturing plants that 
utilise boilers and pipework. Particular emphasis recently has been placed on the 
problems that can arise with weldments (E)1.
Theoretical analysis of fracture using mathematical models and computer simulations has 
been undertaken by Professor Crocker of the Physics Department of the University of 
Surrey for the past ten years. During this period I have worked with him on a number of 
contracts funded by Nuclear Electric and its successors. For the last three years the work 
has been funded by EPSRC under its Electricity Research Co-Funding Scheme. The 
latest contract is a tripartite one with experimental work being undertaken by the 
Department of Materials Engineering at the University of Wales at Swansea and by the 
School of Metallurgy and Materials at the University of Birmingham. Three years ago, I 
was involved in drawing up the successful proposal to EPSRC. Both during the
1 capital letters refer to accompanying papers and arabic numerals to pages
1
fulfilment of this contract and earlier ones, I have contributed to the discussions both at 
Surrey and at group progress meetings, presenting results and suggesting ideas to pursue. 
I have written the reports on the theoretical investigations that have been undertaken at 
Surrey and these have formed the basis for the published papers. The particular expertise 
that I bring to the team, is in mathematical modelling and writing scientific software, 
which allows realistic models to be formulated and investigated.
Economic Need
Present Magnox power stations have been in operation since the 1960s, for longer than 
their original design life. Life extension has been achievable because of the improved 
understanding of the material properties of the carbon-manganese steel plate and 
weldments used to construct the pressure vessels and the understandable conservatism of 
their designers when introducing this new plant. The experience of thé plant operators 
based on their extensive structural assessments and advances in the mechanistic 
understanding of failure have enabled these excessively conservative calculations to be 
refined without jeopardising safety margins.
The United Kingdom government has adopted the Kyoto convention and one strand of its 
strategy for reducing greenhouse gases is based on electricity generation by nuclear 
power. This has a dual impact on nuclear power generation by increasing the need to 
extend the life of present plant and to design new plant to replace those reaching 
decommissioning. But even before concerns about global warming began to influence 
government plans, the economic imperatives of providing electricity reliably and at a 
reasonable price, had led to reassessments of life expectancy for generating plant. 
Political issues relating to the stability of oil prices, limitations on North Sea oil and gas 
reserves and the reduction in coal mining have outweighed the reluctance of some groups 
to the continuance or expansion of nuclear power.
Technological Need
With the acceptance of the economic case for nuclear power, a range of technological 
issues must be addressed. While plant is in service, the operator needs to ensure that it is 
conforming to the safety protocols that underpin its design. These may need to be revised 
to take account of the age and operating conditions of the plant. What effect has the 
thermal history and neutron radiation had on the plant? Are the initial operating rules and 
safety margins still applicable? Do the testing and inspection regimes suggest that there 
has been a change in the physical properties of the steel plate or the weldments? 
Structural integrity assessments are an essential part of the quality assurance process. 
These assessments are based on internationally agreed standard tests and analysis, that 
are appropriate to the plant operating conditions and characteristics.
For any proposed new plant, there are issues relating to design as well as operating rules. 
Should the original materials and fabrication methods be used or do new materials and 
methods offer better prospects? If new materials are chosen, what are the key 
characteristics that should be specified to promote safe, efficient plant? What are the
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appropriate operating rules and safety margins to impose? What assessments and tests are 
pertinent? All these questions can only be answered if there is a sound understanding of 
the mechanisms involved in fracture and the key criteria that influence initiation and 
propagation of cracks.
Because it has been used extensively over many years, there is a large body of knowledge 
about the properties and manufacture of steel but there are many different compositions 
and treatments which can affect its properties. We have developed a range of geometric 
models of a generic polycrystalline material to which we have assigned physical 
properties appropriate to ferritic steels. By changing the geometrical and physical 
parameters we can model different types of steel and study the effects of ageing. By 
investigating the relative effects of changes in parameters, we have sought to determine 
which are most significant in promoting and retarding fracture.
Modelling
We have used different models to focus on different aspects of fracture. Some are two 
dimensional, some three dimensional; some have regular grain shapes (hexagons in 2D 
and tetrakaidecahedra in 3D) and others are of random shape and texture. We have 
investigated the effects of weak or strong grain boundaries and the influence of cleavage 
planes. In some models we have incorporated carbides to investigate their influence on 
the crack path.
The fracture toughness or Charpy impact energy plotted against temperature is shown in 
figure 2, paper H. It is characterised by 3 regions; the lower shelf corresponding to low 
temperatures and brittle fracture; the upper shelf corresponding to high temperatures and 
predominantly ductile failure and a transition region in between. On both the high and 
low shelf, fracture toughness varies slowly with temperature but in the transition region 
change is more rapid. Temperature effects have been modelled by assigning different 
relative fracture energies to different fracture mechanisms, changing from purely brittle 
fracture at low temperature through the transition region to purely ductile failure at high 
temperature. Results have been obtained by crystallographic and geometric analysis and 
by running computer simulations. Comparison of our results with those obtained from 
experimental work on appropriate samples has enabled us to refine our models and 
improve our understanding of the processes leading to failure.
In order to manage the large number of potential parameters involved in the modelling, 
an extensive computer program with an interactive interface has been developed. It can 
be used to generate a pseudo-random two-dimensional array of polygonal grains using 
the Wigner-Seitz method. Generating a large polycrystal is a laborious process so it is 
useful to be able to preserve the outcome for a variety of tests. Re-using the same 
geometric structure ensures consistency so that any changes to the fracture path can be 
attributed to changes in the physical parameters. However, using just one such specimen 
is not acceptable as there is a danger that outcomes may be determined by a particular 
geometry. By changing the stress direction it is possible to generate a crack in a different 
part of the model and so involve different grain geometries.
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Throughout the research, the modelling work has been driven by the technological need 
to improve mechanistic understanding of failure and has focused on six main themes:
1. brittle failure along grain boundaries and by cleavage fracture
2. grain boundary energy changes associated with the segregation of minor 
impurity elements, such as phosphorus, to grain boundaries
3. ductile fracture and the upper shelf
4. fracture in the transition region
5. grain orientation and texture, including the columnar grains found in the heat- 
affected zones around weldments
6. extensions to particular problems such as prior damage, the migration of 
impurities and welding microstructures.
These topics are covered in the accompanying papers, which have been published in the 
open literature.
Brittle Fracture Anomaly
Initially we worked on brittle fracture, restricting failure to cleavage fracture and grain 
boundary fracture. This was prompted by an apparent anomaly between the results 
obtained by experimentalists when analysing fracture surfaces and the inherent geometry 
of the grains (A). The disparity was pointed out in 1995. If cleavage failure is the primary 
fracture mode in two contiguous grains, the specimen can not separate unless the two 
cleavage facets are linked by fracture in the grain boundary common to the two grains. 
The area of linking grain boundary fracture that is required is determined by the 
mismatch in orientation and position of the two cleavage facets. The average mismatch in 
orientation depends on the crystallographic family of the cleavage planes. It is generally 
accepted that cleavage fracture in steel occurs on {100} planes. From geometrical 
considerations alone, approximately 30% of the fracture surface would need to consist of 
linking grain boundary fracture and experimentalists report a much smaller amount 
(almost invariably less than 10% in steel but 15% has been measured in alpha-iron (H4)).
Experimental analysis of fracture surfaces presents many challenges. Facets are assigned 
to different fracture mechanisms by identifying key surface characteristics, such as the 
river patterns on cleavage facets or the smoothness of fracture along a grain boundary. 
However, small facets may be difficult to characterise (A4). Moreover the uneven nature 
of the fracture surface means that some facets will be badly oriented for viewing. In some 
cases this can be overcome by tilting the specimen but this is not always possible. As a 
result small facets, particularly those at a relatively large angle to the overall fracture 
surface are ignored. Although each rejected facet may be small, if they are numerous 
their contribution to the overall fracture surface will be significant.
Another difficulty is that micrographs are two-dimensional projections of the three- 
dimensional fracture surface and the areas of the facets seen on the micrographs are 
reduced from their true areas by different amounts (B5 table 1). Facets with normals at a 
large angle to the projection axis will be affected more than those with small angles. In 
general grain boundary fracture linking mismatched cleavage in adjacent grains will be
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composed of smaller facets than those caused by cleavage failure and are likely to be at a 
steeper angle to the overall fracture surface. In conjunction, these factors will cause the 
measurement of grain boundary fracture to be underestimated. The areas of grain 
boundary measured experimentally are likely to be those where a whole grain boundary 
has fractured because of some inherent weakness and favourable orientation or where an 
appreciable proportion of the boundary has failed.
The geometric necessity for about 30% of a fracture surface to be formed by grain 
boundary failure is based on cleavage fracture taking place along the best oriented {100} 
crystallographic plane in each affected grain. If other planes are also active, for example 
{110}, or if all three {100} cleavage planes can combine to form steps, the predicted 
value of 30% is reduced. In this case cleavage fracture across a grain could consist of a 
series of large parallel facets linked by small steps of bridging secondary cleavage, 
giving a macroscopically curved fracture surface and reducing the mismatch at grain 
boundaries. Another possibility is that the accommodation may be achieved through 
ductile failure.
During manufacture, carbides, other precipitates and inclusions may become 
incorporated into the steel. Their presence can influence crack initiation and propagation. 
Under stress, microcracks may occur at these sites and, depending on the physical 
properties and distribution of these defects, the microcracks may link to initiate cracking 
(H2).
As the crack propagates, stress ahead of the crack tip can also cause vulnerable anomalies 
to fail and induce fracture in their parent grains. These fracture facets will then link back 
to the crack tip. The positions and orientations of such facets will be governed by the 
defects and will increase the accommodation required to incorporate them. Such 
backward linkage may increase grain boundary failure at intermediate boundaries or 
result in stepped cleavage planes seen as river patterns. Another cause of river patterns 
could be the accommodation required to link cleavage in a carbide with cleavage in its 
surrounding parent grain as, in general, they will have different crystallographic 
orientations.
During the last three years collaborators at the University of Wales at Swansea have been 
investigating these hypotheses using electron back-scatter diffraction to determine the 
crystallographic orientation of fracture facets. This is a demanding experimental 
technique but results to date appear to indicate that it is possible, but rare, for fracture to 
occur on {110} planes.
The commercially available software that performs the analysis based on electron 
backscatter diffraction patterns, has been developed to determine the crystallographic 
orientation when the specimen surface is mounted perpendicular to the beam. This 
requires the specimen to be tilted to analyse different fracture facets. Unfortunately the 
degree of tilt is not physically achievable for some facets and others can not be analysed 
as they become obscured by other parts of the fracture surface.
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Ductile Failure
At the operating temperature for reactor pressure vessels, ductile fracture is the preferred 
failure mode. Indeed, the operating rules are formulated to ensure that this is so, as 
ductile failure does not involve the sudden catastrophic event seen in brittle fracture but 
allows time for the regular monitoring programme to detect the problem and respond. 
Safety margins are built into the operating rules to maintain the plant on the upper shelf 
shown in the graph of fracture energy against temperature (see H2).
At higher temperatures, ductile processes can result in voids forming around inclusions, 
which then interlink and become initiation sites for failure (H2). Creep cavitation may 
weaken grain boundaries oriented normal to the direction of the maximum principal 
stress, arising from the stress relief heat treatment of the heat-affected zones around 
weldments (I).
)  Like cleavage fracture, ductile failure is linked to the grain’s crystallographic orientation
although there may be small amounts of ductile failure along grain boundaries. Ductile 
failure across grains is approximately at 45 degrees to the stress axis and so tends to 
increase the unevenness of the fracture surface. It is also possible for ductile failure to 
form steps on the fracture surface within one grain and reduce the area of grain boundary 
fracture required to connect this surface to its neighbours.
Because ductile failure propagates relatively slowly, there is time for the physical 
properties of the material to change while the crack grows. We have included work 
hardening in our models by making the energy required for ductile failure increase with 
the area of the ductile facets already formed.
The Transition Region
At higher temperatures, ductility occurs because the steel yields before it fractures; at 
lower temperatures the reverse is true but in the transition region the picture is more 
complex. In many ways this is the most challenging aspect of the modelling. The 
competition between the various ductile and brittle fracture modes is greatest and so the 
number of parameters to include in the modelling is also more than at other temperatures. 
Fracture paths may be more susceptible to the influence of local conditions and as a 
consequence there is a much wider spread of results both theoretically and 
experimentally.
We have modelled this competition, by assigning different but more evenly-matched 
fracture energies to cleavage failure, brittle grain boundary failure, ductile failure across 
grains and ductile failure along grain boundaries. The software evaluates all these 
possible mechanisms and their putative paths before selecting the option with the lowest 
associated energy for the next crack facet. Because of the narrower range of fracture 
energies, the orientation and strength of the boundaries close to the crack tip become 
more influential in determining the crack path. The crystallographic orientation of the 
grains influences the balance between cleavage failure and ductile failure.
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Grain Orientation and Texture
During the manufacture of steel, a number of other elements are added to iron to produce 
a metal with the appropriate qualities for its intended purpose. Manufacturing processes 
are also tailored to give particular characteristics in the final product. Rolling the steel to 
form plate may influence the distribution of the crystal orientations of the grains or the 
grain shapes. Some steels may have elongated rather than equi-axed grains with the 
longer axis parallel to the rolling direction; some steels may have grains with their 
crystallographic orientation restricted to a narrow range of values; some steels may 
exhibit both characteristics. If the grains are not randomly shaped with random 
crystallographic orientations, their bias will influence the fracture toughness of the 
material, the effect depending on the relative orientation of the bias and the stress axis.
We have modelled both orientation and texturing effects separately and in combination 
(H4-6). Changes to the crystal orientation, effectively reduce the range of available 
orientations for the most vulnerable cleavage plane in each grain. They will all be either 
well-oriented or badly-oriented for fracture. Elongated grains with their major axis 
approximately perpendicular to the stress axis will provide easier fracture routes along 
grain boundaries than equi-axed grains. Conversely, if the elongation is parallel to the 
stress axis grain boundary fracture is harder.
Cavitation and Decoherence
An area of interest to plant operators, that emerged during the course of this research, is 
the influence of prior damage on the resistance to fracture (C, E, F and I). In this 
particular case, the heat treatment of the weldments in the fabrication of boilers resulted 
in stress relief cracking in the heat-affected zone region. This causes cavitation or 
decoherence to occur on some grain boundaries. These boundaries are not randomly 
distributed throughout the material but are characterised by orientation (C figure 2). 
Boundaries with normals parallel to the stress axis are most likely to be affected. During 
their service life, the material experiences stress acting in approximately the same 
direction as that obtaining during manufacture. Hence the concern was that such prior 
damage could reduce the fracture resistance of the material (fracture toughness) and 
thereby the tolerance to any significant defects.
Superficially, this appears plausible. We modelled the cavitation by introducing fully 
decohered grain boundaries. However, our simulations show that decoherence has to 
reach about 20% before fracture strength is jeopardised. Because decohered boundaries 
are approximately parallel, they tend not to be contiguous but distributed throughout the 
material. It is very unusual for equi-axed grains to have two contiguous boundaries both 
of which have orientations within the decoherence range. Only when decoherence passes 
the 20% level does the specimen begin to exhibit linked decohered boundaries.
It is predicted that, during safety assessments, when specimens are fractured and their 
fracture surface analysed, higher than normal levels of grain boundary failure will be
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identified (F). This results from two factors. Firstly more grain boundary fracture will 
occur in the fracture surface than is present in the bulk of the material. Several decohered 
boundaries will lie roughly in the fracture plane of the specimen and will be incorporated 
as the fracture is forced across the specimen. In service their separation would have been 
too great to support propagation and any cracks initiated by them would arrest. Secondly, 
these fractured grain boundaries will, in general, be complete and parallel to the overall 
fracture surface. As a result they are easy to identify and their true area suffers less 
diminution by projection than for higher angled facets. Only where texturing creates 
elongated grains with large boundaries perpendicular to the stress axis are lower levels of 
decoherence able to compromise strength.
Embrittlement
An issue that is of concern for fracture and fracture toughness of steels is the cumulative 
embrittlement of grain boundaries over time, as impurities or minor alloying elements 
migrate from grain interiors (H2). In an unembrittled polycrystalline material, there will 
be a range of grain boundary strengths. These will depend on the relative orientations of 
the two crystals on opposite sides of each boundary. In some cases, for example twin 
boundaries, atoms in the boundary will be arranged regularly, creating a strong boundary, 
At other interfaces, the atoms may be spaced much less regularly, reducing the cohesive 
strength of the boundary. In these cases, impurities originating in the interior of the grain 
may migrate to fill spaces along the boundary causing further weakening.
The geometric relationship between two crystal orientations separated by a boundary is a 
complex one. Both crystals will have three-dimensional rotation and offset parameters 
relative to a reference crystal. Additionally the grain boundary has two parameters given 
by the direction cosines of its normal, equivalent to eight degrees of freedom (5 macro 
and 3 micro). To investigate fracture paths systematically and achieve statistically 
reliable results across such a large number of independent parameters would be an 
enormous task. For such an investigation to be relevant to real life engineering materials, 
it would need to encompass the effects linked to migrating impurities too - an 
overwhelming prospect.
We have simplified this by adopting a different approach to the problem. For each group 
of simulations we have assigned a mean grain boundary strength relative to the cleavage 
strength of the model material. For each grain boundary, we have assigned randomly, an 
actual grain boundary strength within 25% of the mean value. Each particular grain 
boundary strength is considered to be the result of the interplay between the crystal 
orientations on either side of the boundary, the orientation of the boundary and the 
presence of impurities on the boundary. Initially no embrittlement is added to the model 
but the specimen is fractured in the usual way and its crack path analysed. Progressive 
embrittlement is then introduced and the process repeated (G).
Some grain boundaries change their concentration more than others. We have modelled 
this effect by linking embrittlement to initial strengths of the boundaries. Strong 
boundaries retain their strength but weaker ones become weaker. If this process was
allowed to continue unchecked, the weakest boundaries would eventually lose all 
cohesion. In reality even the weakest boundaries retain some residual strength, so we 
have imposed a lower limit on this.
By using the same geometric model polycrystal, we are able to identify changes in 
fracture behaviour caused as embrittlement increases. We are still free to allocate 
different physical properties for the different sets of simulations. For example, we can 
choose a particular initial ratio between the average grain boundary strength of the 
material and its cleavage strength. We fracture the model initially without introducing 
any embrittlement to generate a reference crack. Then we embrittle the grain boundaries 
until their new average strength reaches a predetermined value and refracture the same 
specimen. In this way we can simulate the effects of increasing embrittlement with time 
without introducing variations caused by changes in the crystal structure. Because of the 
bias in the embrittlement, weak boundaries are affected initially. They become weaker 
until they reach the limiting value. If embrittlement continues beyond this point, grain 
boundary strengths that were initially high must be diminished to achieve a reduction in 
the average value. Ultimately, if the simulation is continued, all grain boundaries will 
reach the lower limit.
The effect of embrittlement is different if the original mean grain boundary fracture 
strength is above or below the cleavage fracture strength. In both cases, embrittlement 
increases the percentage of grain boundary failure seen in the fracture surface. However, 
for low levels of embrittlement up to about 10%, in materials with strong grain 
boundaries it makes fracture more difficult. This counter-intuitive result has been 
obtained both experimentally and by modelling. Increasing the grain boundary 
contribution at the expense of cleavage fracture, increases the energy required to 
propagate the crack across the specimen. In practice this may mean that cracks arrest 
because there are only strong grain boundaries ahead of the crack tip and cleavage is too 
difficult because of the grain orientations.
Computer Simulations
I have written several computer programs to support our analysis of fracture. The most 
extensive one is based on a two-dimensional poly crystal. Its purpose is to create a 
polycrystal, set initial physical properties for the material whilst allowing them to be 
changed dynamically during the fracture simulation, to initiate and propagate a crack 
across the model.
The software is written in C using Microsoft Software Developer Kit (SDK) routines. It 
conforms to industry standard protocols and runs under Microsoft Windows. Control is 
via a graphical interface with a range of pull-down menus and dialog boxes to enter or 
edit numeric values and options. The interface fulfils a dual role. Firstly to provide a 
means to create, edit and save polycrystals of any size and shape. Secondly, it can be 
used to access a polycrystal that has been created earlier, set physical properties for the 
material, identify the weakest point at which a crack will initiate and propagate the crack 
across the model.
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The polycrystal is displayed on the screen in a two stage process. The polycrystal and any 
crack facets are first drawn to a memory map, created to match the size of the 
polycrystal, (at 4x base size to allow for 2 zoom modes that each double the previous 
scale). This memory map is clipped to take account of the window size, the active zoom 
mode and the positions of the thumbnails in the scrollbars and then bitblitted (using a 
Windows pixel manipulation routine that creates a logical combination of a source 
bitmap with a destination bitmap using a binary raster operation) to the screen drawing 
context.
The crystal information is held in C defined structures (shown in the header file structh). 
It is based on parent-child relationships linking the polycrystal, its grains, edges and 
vertices. A second hierarchy links crack facets to the crack. In order to provide the 
greatest flexibility and efficiency in executing the code, memory locations are allocated 
dynamically as required. Each structure type is accessed through a doubly-linked list 
) system of pointers.
Grains are created using the Wigner-Seitz method to position grain nuclei randomly and 
then to construct the grain edges. This operation mimics the action of grains growing 
outwards as the material cools and solidifies, until they meet another grain. In reality, 
grain edges are slightly curved but flat boundaries give a good approximation to the 
polycrystalline structure. This method is implemented in software by generating a 
pseudo-random sequence of grain co-ordinates within imposed limitations. The user can 
choose any aspect ratio for the specimen and assign different density distributions in 
different rectangular zones within the specimen. This density determines average grain 
sizes within each zone and allows specimens to be created with an interface between an 
area of large grains and one with small grains. A minimum separation limit for grain 
nuclei can be included to impose a limit on the minimum grain size. Using two different 
metrics for the co-ordinates creates elongated grains.
Creating grain edges is a two-stage process, involving a mixture of user control and 
) programmed routines. The user highlights triads of neighbouring grain nuclei. Making
the third selection automatically transfers control to the software to calculate the 
perpendicular bisectors of the sides of the triangle defined by the three nuclei. The 
bisector co-ordinates are then transformed from the problem co-ordinate system to that of 
the display screen by appropriate scaling and offsets, taking into account that the screen 
axes do not form a right handed set.
Crystallographic orientations for the cleavage planes are also assigned randomly by using 
the same pseudo-random routine to set the direction of one cleavage plane in each grain. 
The remaining cleavage planes are positioned relative to the first according to the 
multiplicity set by the user via the dialog box. Other physical properties under user 
control are the direction of the stress axis, any prior damage and the relative fracture 
energies for different fracture mechanisms. When modelling ductile fracture, the fracture 
energy can be changed as the crack propagates as work hardening changes the balance 
between ductile failure across a grain and failure along a grain boundary. Another option
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is to include embrittlement of grain boundaries. As the crack grows, information about 
each fracture facet is stored in the crack structure and can be displayed at any stage of the 
process. Both true and projected sizes are calculated.
Prism Model
In weld metal, as the material cools from the surface inwards, columnar grains form. Any 
crack involving this material will encounter columnar grains with all their common major 
axes roughly parallel and the normals to their large faces co-planar. Of particular 
technological interest are the weldments used in the fabrications of boilers.
This model was designed specifically to investigate crack propagation across the 
columnar grains found in the heat-affected zones around weldments. It is a three- 
dimensional development of our two-dimensional random models, with a cross-section 
perpendicular to the stress axis, consisting of random polygonal grains. In the third 
) dimension, the grains are of unrestricted length forming columns. All their modelled
faces are co-planar with the stress axis (K). Measurements have been made of such 
material and the fracture surfaces compared with the predictions of the model.
Each grain has a randomly assigned crystallographic orientation with three {100} 
cleavage planes and all grain faces have identical fracture energy. Failure is initiated at 
the best oriented of the 3n cleavage planes in the n grains and tracked as it spreads 
outwards by tracing the projection of the crack tip on a plane perpendicular to the stress 
axis. As cleavage in one grain reaches a grain face it initiates cleavage fracture in the 
grain on the opposite side of their common face, if the new grain has not already 
fractured. (At present we are excluding multiple initiation within a single grain.) The new 
cleavage facet is determined completely by the grain orientation and the first contact 
point of the expanding crack. Grain boundary failure in the common boundary is required 
to link the two cleavage facets and this area can be calculated geometrically.
This model offers many advantages over the two-dimensional models. It allows us to 
I compare our predictions directly with experimental results and to calculate the true areas
of grain boundary failure and cleavage fracture rather than as the projection seen on a 
micrograph.
Conclusions
The research described in the accompanying papers focuses on technologically important 
problems that impinge directly on the national economy. In practice, the steels used to 
construct nuclear electricity-generating plant have a range of compositions, experience a 
variety of manufacturing processes and are subjected to different levels of thermal and 
radiation exposure, resulting in complex assessments of safety and life-expectancy. We 
have sought to develop a range of theoretical and computer-based models to investigate 
the different fracture mechanisms that could cause plant failure. Initially, these were 
simple models concerned with a particular temperature range and limited fracture modes.
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Through comparison with experimental results and discussions with experimentalists, we 
have been able to refine and extend these models to investigate more complex situations 
and make them progressively more physically representative. We have extended the 
models’ applicability to different operating temperatures and introduced competition 
between different fracture modes. During the past three years we have looked at the 
effects of thermal embrittlement, texturing and creep cavitation. Our interaction with 
experimentalists has helped to generate a better understanding of the mechanisms of 
fracture.
It has been particularly rewarding to be able to predict effects that are subsequently 
observed by experimentalists and to explain phenomena that have been observed but 
were not understood. One particular example is the effect of cavitation on fracture 
toughness, for up to approximately 20% of boundaries exhibiting cavitation, there is little 
reduction in fracture toughness (C, E and F). A second example is that in materials with 
strong grain boundaries small levels of embrittlement cause a small but measurable 
increase in fracture toughness.
Future Work
Our research has focused on qualitative assessments of the relative importance of 
different material properties on fracture toughness. Any quantitative analysis would 
require a larger number of randomly-generated polycrystals to be created and their 
fracture modelled to ensure statistically reliable results.
Recently, we have embarked on the initial stages of modelling the effects of inclusions, 
carbides and other impurities (D). We are also making a bid to EPSRC to undertake a ’ 
feasibility study in developing models to investigate the effect of grain sizes on fracture 
in ferritic steels. To date, we have formulated our analysis so as to involve dimensionless 
parameters. This has enabled us to produce results that are applicable to a range of 
materials. However, there are some issues where grain size matters. For materials with 
small grains, the amount of grain boundary are per unit volume is greater than for 
material with larger grains. In addition grain vertices are closer together, accentuating 
any edge effects and the stress field ahead of the crack tip will involve more grains. We 
would like to incorporate these factors in our modelling
In the longer term, we would like to increase the generality of the prism model. This 
model could also be adapted to study dynamic effects linked to the speed of propagation 
of the crack. Issues linked to branching cracks or factors that cause cracks to arrest could 
also be explored using the models we have developed.
With three-dimensional models, visual representation of the fracture surface is difficult. 
Using results from the prism model, we have been able to draw the fracture facets with a 
computer-aided design software package. This has the advantage that the three- 
dimensional object can be rotated and tilted to reveal hidden depths. It would be useful to 
have a means of viewing a fracture surface as the crack is propagating.
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